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ABSTRACT detai ls  the approach taken in the SHARP 
system to ove rcome  the  cu r ren t  
The Spacecraf t  Health Automated l imitat ions,  and desc r ibes  both the 
Reasoning Prototype (SHARP) is a system conven t iona l  and  a r t i f i c i a l  i n t e l l i g e n c e  
designed t o  demonstrate  automated solutions developed in SHARP. 
heal th  and s t a tus  ana lys i s  fo r  
mul t i -mis s ion  spacec ra f t  and ground data  
systems operat ions.  Telecommunicat ions 
l i nk  ana lys i s  of the Voyager I1 
spacec ra f t  is  the in i t i a l  focus fo r  the 
SHARP system demonstrat ion which wil l  
o c c u r  d u r i n g  Voyage r ' s  e n c o u n t e r  with 
the planet  Neptune in August ,  1989, in 
p a r a l l e l  with r e a l - t i m e  Voyager  
operat ions.  
T h e  SHARP system combines 
c o n v e n t i o n a l  c o m p u t e r  s c i e n c e  
methodologies  with a r t i f i c i a l  
i n t e l l i g e n c e  t e c h n i q u e s  to p roduce  a n  
e f f ec t ive  method f o r  detect ing and 
ana lyz ing  po ten t i a l  spacec ra f t  and 
ground sys t ems  problems.  The  system 
pe r fo rms  r ea l - t ime  ana lys i s  of spacec ra f t  
and o the r  re la ted te lemetry,  and is  a l so  
capab le  of examin ing  da ta  in  h i s to r i ca l  
context .  
Th i s  pape r  g ives  a brief i n t roduc t ion  
to the spacec ra f t  and ground systems 
mon i to r ing  p rocess  a t  the J e t  Propuls ion 
Laboratory (JPL). I t  descr ibes  the 
c u r r e n t  method of ope ra t ion  f o r  
m o n i t o r i n g  the  Voyage r  
Te lecommunica t ions  subsys t em,  and 
h igh l igh t s  the d i f f i cu l t i e s  associated 
with t h e  ex i s t ing  technology.  The  paper  
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INTRODUCTION 
The Voyager 11 spacec ra f t  was 
launched from Cape Canaveral ,  Flor ida 
on August 20, 1977. The technology to 
t rack and mon i to r  such  a p robe  was 
designed and deve loped  in the ear ly  
1970's. This  now ant iquated technology, 
coupled with the e f fo r t s  of br ight ,  
r e source fu l  s c i en t i s t s ,  has  carr ied 
Voyage r  th rough  n e a r - f a t a l  c a t a s t r o p h i c  
events  to three of our  solar  system's 
o u t e r  planets  ( f o u r  i n  A u g u s t ) .  Despi te  
f a i l ed  r ad io  r ece ive r s ,  sun l igh t  damage to 
the pho topo la r ime te r  s c i e n t i f i c  
i n s t rumen t ,  and  a pa r t i a l ly  paralyzed 
scan platform (which  houses  Voyager 's  
imag ing  sys t em) ,  t hese  sc i en t i s t s  have 
kep t  Voyager  o p e r a t i o n a l ,  enab l ing  the  
cap tu re  and t r ansmiss ion  of vast  amounts  
of i nva luab le  in fo rma t ion  and images of 
t h e  J o v i a n ,  S a t u r n i a n ,  and  Uran ian  
systems. 
During c r i t i ca l  pe r iods  of t h e  
mission, up to 30 r ea l - t ime  operators  a re  
r equ i r ed  to mon i to r  the spacec ra f t ' s  ten 
subsystems on a 24 -hour ,  7-day per  week 
schedule.  This does not include the 
numerous  subsys t em and s c i e n t i f i c  
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i n s t rumen t  spec ia l i s t s  that  must  
constant ly  be  ava i l ab le  on ca l l  t o  handle  
emergenc ie s .  
As more and more solar  system 
exp lo ra t ions  a r e  undertaken,  i t  wi l l  
become increasingly diff icul t  to staff  a 
l a rge  enough e f fo r t  to suppor t  t hese  
expens ive  missions.  Current ly  the re  is  
one Mission Control Team and one 
Spacec ra f t  Team fo r  each f l i gh t  project .  
JPL has ini t ia ted an effor t  t o  coordinate  
a l l  missions through a cen t r a l  Space  
Flight Operations Center (SFOC) whose 
goal  is  to t ransi t ion from s ing le -p ro jec t  
dedicated f l ight  teams to one 
mult i -mission team which f l i e s  a l l  
spacecraft .  Within SFOC, the Voyager 
spacec ra f t  w i l l  con t inue  to b e  monitored 
th roughou t  their  ex tended  mission of 
d i scove r ing  the solar  system hel iopause 
( t h e  b o u n d a r y  be tween  t h e  Sun ' s  
m a g n e t i c  i n f l u e n c e  and i n t e r s t e l l a r  
space) ;  the Magellan spacecraf t ,  to be 
launched in Apri l ,  1989,  will be  tracked 
throughout  i t s  f l i gh t  t o  Venus; the 
Galileo mission to Jupi ter  will be 
mon i to red ;  and  o the r  new f l igh t  p ro jec t s  
w i l l  b e  obse rved  th roughou t  t he i r  
ope ra t ion  by th i s  s ing le  mult i -mission 
f l ight  team. 
The Spacecraf t  Health Automated 
Reasoning Prototype (SHARP) i s  an 
e f fo r t  to apply a r t i f i c i a l  i n t e l l i gence  (AI)  
techniques to t h e  task of mult i -mission 
mon i to r ing  of spacec ra f t  and d i agnos i s  
of anomalies. Ultimately, SHARP will 
e a s e  the burden that  mu l t ip l e  missions 
would inev i t ab ly  p l ace  upon subsystem, 
sc i en t i f i c  i n s t rumen t ,  and Deep Space 
Network (antenna)  experts .  SHARP will  
a u t o m a t e  many of t h e  mundane ana lys i s  
t a sks ,  and  r educe  the number of  
o p e r a t o r s  r e q u i r e d  to perform r e a l - t i m e  
monitoring act ivi t ies .  The system will  
e n h a n c e  t h e  r e l i a b i l i t y  of mon i to r ing  
ope ra t ions ,  and may p reven t  t hose  types 
of e r ro r s  t ha t  cause  spacec ra f t  such a s  
the Soviet  Phobos to be lost. 
The Voyager I1 spacecraf t  was 
targeted fo r  the prototype e f fo r t  s ince  i t  
i s  c u r r e n t l y  the on ly  s p a c e c r a f t  in f l i gh t  
which has  yet  to comple t e  i t s  pr imary 
mission. The prototype effor t  was 
fu r the r  focused to  o n e  subsystem so that  
specif ic  concepts  could be developed and 
then demons t r a t ed  in a vigorous 
operat ional  sett ing: the spacec ra f t ' s  
encoun te r  of the p l a n e t  Nep tune  in  
August,  1989. The Telecommunications 
subsystem was chosen fo r  the in i t i a l  
demons t r a t ion  s ince  a n o m a l i e s  occur  on 
a f r equen t  basis  in th i s  a r e a ,  and the 
Telecom expert ,  Mr. Boyd Madsen, 
demonstrated en thus i a s t i c  support .  The 
Telecommunicat ions a rea  a l s o  p re sen t s  
the c h a l l e n g e  of c o o r d i n a t i n g  
monitor ing and diagnosis  e f fo r t s  of both 
the spacecraf t  and ground da ta  systems.  
L ike  many a r t i f i c i a l  i n t e l l i gence  
appl icat ions,  in order  t o  supply the AI 
component  of a system with r ea l  da t a ,  a 
subs t an t i a l  e f fo r t  must be inves t ed  in the 
development  of o the r  a spec t s  of the 
system. This  may entai l  uti l izing 
s t anda rd  c o n v e n t i o n a l  compute r  s c i e n c e  
m e t h o d o l o g i e s  and  e n h a n c e d  g r a p h i c a l  
capabili t ies.  The SHARP system 
e f f i c i en t ly  i n c o r p o r a t e s  t hese  
technologies  to  complement  the use of  AI 
techniques.  
CURRENT METHOD 
In c u r r e n t  mi s s ion  o p e r a t i o n s  
p rac t i ce  each spacec ra f t  i s  monitored 
d a i l y ,  and du r ing  p l a n e t a r y  e n c o u n t e r s  
monitor ing is  con t inuous .  Three  
complexes  of an tennas  located around 
the world comprise NASA's Deep Space 
Network (DSN), in the Mojave dessert  a t  
Goldstone,  Cal i fornia;  near  Canberra ,  
Australia;  and near Madrid,  Spain.  With 
the exception of occu l t a t ions  and a short  
g a p  between the Canber ra  and  Madrid 
s t a t ions ,  the spacecraf t  is  a lways in view 
from one  of these Deep Space Stations 
(DSS).  Such a scheduled period of 
observance of the spacecraf t  by a DSS is 
called a pass. 
R e a u i r e d  Data 
In o rde r  to e f f ec t ive ly  ana lyze  the 
t e l ecommunica t ions  l i nk  from the 
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spacec ra f t  through the  Deep Space  
Network and ul t imately to  the computers  
a t  JPL ,  a wide variety of information 
must be  accessed and processed. This 
analysis  occur s  in  r ea l - t ime  a s  well  a s  
pr ior  t o  the scheduled spacecraf t  pass.  
Predicts a r e  numer i ca l  p red ic t ions  of 
accep tab le  th re sho ld  values  fo r  
pa r t i cu la r  spacec ra f t  and DSS 
pa rame te r s .  T h e  c u r r e n t  method of 
g e n e r a t i n g  pass  p r e d i c t s  i s  by sea rch ing  
l a rge  hardcopy l i s t i ngs  of raw predicts  to 
f ind  the co r rec t  spacec ra f t ,  s t a t ion ,  t ime,  
a n d  o t h e r  approx ima ted  in fo rma t ion .  
P r e d i c t s  a r e  then manual ly  co r rec t ed  to  
r e f l ec t  t he  ac tua l  spacec ra f t  s t a t e  using a 
hand ca l cu la to r ,  and the r e su l t s  a r e  
manual ly  recorded on a data  sheet .  
Ano the r  p i e c e  of i n fo rma t ion  
p e r t i n e n t  t o  s p a c e c r a f t  mon i to r ing  i s  the 
Integrated Sequence of Events (ISOE). 
The ISOE is  a hardcopy of scheduled 
spacecraf t  ac t iv i ty  integrated with DSS 
information. ISOE data is  used 
e x t e n s i v e l y  t h r o u g h o u t  the m o n i t o r i n g  
p rocess  in  p red ic t  da t a ,  alarm 
de te rmina t ion ,  g raph ic s ,  and diagnosis .  
The Voyager ISOE must be visually 
scanned ,  and Telecom even t s  manual ly  
h igh l igh ted  by the r ea l - t ime  ope ra to r  so 
tha t  the Telecom act ivi ty  can be 
mon i to red .  A handwr i t t en  co r rec t ion  
sheet  i s  issued fo r  each modification to 
an ISOE. 
Telemetry da t a  f rom t h e  spacec ra f t ,  
t r ack ing  s t a t i o n s ,  and  o t h e r  r e l e v a n t  
systems is  col lected in t h e  JPL computers 
and  s e p a r a t e d  i n t o  channe l s  t ha t  a r e  
d i s t r ibu ted  ac ross  JPL for  processing and 
ana lys i s .  These  channe l s  contain t h e  
va lues  o f  hundreds of spacec ra f t  
e n g i n e e r i n g  p a r a m e t e r s  and  s t a t i o n  
p e r f o r m a n c e  p a r a m e t e r s .  The  c h a n n e l s  
a r e  p lo t t ed  on black and white  computer  
s c reens  and a r e  visual ly  monitored to  
e n s u r e  t h a t  t hey  r e m a i n  wi th in  t h e i r  
pre-specified l imits.  
Also c r i t i ca l  to the communicat ions 
l i nk  ana lys i s  a r e  a larm l imi t s ,  the 
threshold values  f o r  spacecraf t  and DSS 
performance.  These  values  a r e  selected 
according to the s t a tus  of several  
parameters .  However ,  the p rocess  to 
change  these l imi t s  i s  manual  and must 
be  performed in r ea l - t ime .  The 
procedure i s  so impedi t ive,  and occurs  so 
of ten,  that  typically a wide threshold is 
s e l ec t ed  which i n c o r p o r a t e s  the e n t i r e  
r ange  of  pa rame te r  c o n d i t i o n s ,  c r e a t i n g  
the r isk of undetected anomalies .  
Limitat ions 
Due t o  cumbersome and 
t ime-consuming  p rocesses ,  s eve ra l  
l imi t a t ions  ex i s t  on the c u r r e n t  method 
of ana lyz ing  Voyager  
te lecommunicat ions l i nk  da ta .  
The tedious manual  process  for  
predict  generat ion may t ake  up to two 
hours each day,  and l imits  calculat ions to 
o n e  predict  point  per  hour .  Actual  l ink 
pa rame te r s  may be r ece ived  eve ry  15 
seconds,  leaving qu i t e  a dispar i ty  
between the d e s i r e d  number  of 
p red ic t ions  and the incoming  da ta .  
The Integrated Sequence  of Events  
prompts  several '  complicat ions a s  well .  
During per iods of heightened ac t iv i ty ,  i t  
i s  possible for  a s ingle  Telecom event  to 
be  embedded among seve ra l  pages of 
another  subsystem's events  in the ISOE. 
I t  is  easy to miss events ,  and sometimes 
t h e  ISOE is so extensive that operators do 
n o t  even a t t e m p t  to scan i t .  Rather ,  t h e y  
r e l y  on an unof f i c i a l  g r a p h i c a l  s e q u e n c e  
hardcopy p roduc t ,  the Spacec ra f t  F l igh t  
Operations Schedule (SFOS), to monitor 
cri t ical  events. The SFOS, which is  
manua l ly  h i g h l i g h t e d  with a marke r  to 
i n d i c a t e  c h a n g e s ,  c r e a t e s  p rob lems  when 
u s e r s  unknowing ly  d o  no t  r e f e r e n c e  the  
la tes t  activity modifications.  
The cu r ren t  Voyager  data  display 
system p resen t s  a n o t h e r  a r e a  o f  
l imitation. It al lows only five plot 
d i sp l ay  pages  f o r  t he  e n t i r e  spacec ra f t  
team. The Telecommunicat ions 
subsystem has con t ro l  of a s ingle  page. 
One  display page i s  capable  of showing 
up to  th ree  plot ted channels .  In order  to 
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change the plot  parameters  to se l ec t  
d i f f e ren t  channe l s  t o  d i sp l ay ,  the 
ope ra to r  must punch a card and feed i t  
in to  the system's card reader.  To obtain 
an addi t ional  plot ,  special  permission 
must  be secu red  from personnel  of 
ano the r  subsystem who a r e  wi l l i ng  to 
t empora r i ly  g ive  up o n e  of their  own 
plots. 
Broadened alarm l imi t s  present  
obvious complications.  I f ,  in fact ,  a 
c o m p o n e n t  i s  in a l a rm within the 
broadened r ange ,  this  condi t ion wil l  go  
undetected.  For  spacecraf t  act ivi t ies  
wh ich  w a r r a n t  an a l a rm l i m i t  c h a n g e ,  
and the ope ra to r  chooses  to forego the 
unwie ldy  p a p e r w o r k  p r o c e s s ,  then he 
must  e n d u r e  the f a l se  a larm for  the 
remainder  of t ha t  spacec ra f t  act ivi ty .  
A tabular  display of spacecraf t  
pa rame te r s  i s  ava i l ab le  which ind ica t e s  
a l a r m s  by r eve r s ing  the co lo r  of the 
alarmed channel ' s  f ie ld .  However ,  this  
display is  seldom used as  the operator is  
usual ly  viewing plot ted data  on the one  
allotted Telecom display page. As a result ,  
a Telecom alarm condi t ion general ly  is  
not detected by the Telecom operator  
unt i l  the Voyager  Systems Analyst  (who 
monitors  and coord ina te s  a l l  subsystems)  
cal ls  i t  to his a t tent ion.  
Diagnosis 
When a spacec ra f t  o r  DSS parameter  
goes in to  a l a rm,  the cause  must be 
de t e rmined .  I n  many cases ,  the 
condition is  actual ly  a fa lse  alarm due to 
inaccurac i e s  p rec ip i t a t ed  by the 
l imitat ions of the system. In other  
instances,  the alarm ex i s t s  because of 
common p rob lems  tha t  occu r  on a 
f r equen t  basis .  Fo r  actual  spacecraf t  
problems,  such a s  the fai led radio 
r ece ive r ,  hundreds of peop le  must be  
not i f ied and put on aler t  to solve the 
emergency.  Rega rd le s s  of the cause  or  
severi ty  of an alarm,  a s tandard s e t  of 
rules  is  rout inely fol lowed to determine 
the basis  of the problem. Unfortunately,  
this knowledge resides  with a select  few,  
and the f i r s t  r u l e  of the s tandard 
procedure is  to consul t  the expe r t ,  even 
when the s i t ua t ion  a r i s e s  f rom a known 
false alarm. 
T H E  S H A R P  SOLUTION 
SHARP introduces automation 
technologies  to the spacec ra f t  
monitor ing p rocess  to  e l imina te  much of 
the mundane p rocess ing  and  t ed ious  
analysis.  The SHARP system features  
on-l ine data  acquis i t ion of a l l  required 
i n f o r m a t i o n  f o r  m o n i t o r i n g  the  
spacec ra f t  and d i agnos ing  anomal i e s .  
The data  i s  central ized into one 
workstation and serves  a s  a s ing le  access  
point  for  the aforementioned data  as well  
a s  for  the diagnost ic  heuris t ics .  Figure 1 
i l lustrates a top-level view of the SHARP 
system. Shown a re  the individual  
modules that comprise  the system, as  well  
a s  r e l e v a n t  c o m p o n e n t s  wh ich  a r e  
external to SHARP. 
SHARP is  implemented in 
CommonLISP on a SYMBOLICS 3650 color 
L ISP  machine.  Many componen t s  of the 
system utilize STAR*TOOL [ I ]  ( p a t e n t  
p e n d i n g ) ,  a l a n g u a g e  a n d  e n v i r o n m e n t  
developed a t  JPL which provides  a tool 
box of s t a t e -o f - the -a r t  t echn iques  
commonly r equ i r ed  f o r  bu i ld ing  AI 
systems. The SHARP system currently 
consists of approximately 40,000 lines of 
CommonLisp code, and STAR*TOOL 
comprises an addi t ional  estimated 85,000 
lines of CommonLisp code. 
Convent ional  Automation 
The SHARP system captures  raw 
p red ic t s  fo r  o n - l i n e  s to rage  and 
p rocess ing .  When the  p red ic t s  a r e  
gene ra t ed  fo r  t he  Voyage r  Spacec ra f t  
Team as  hardcopy,  the information is  
t ransferred over  an RS-232C ser ia l  l ine to 
the SHARP system. Pass  predicts may 
then be  automatical ly  generated a t  15  
second in t e rva l s ,  the sho r t e s t  possible  
t ime  in t e rva l  be tween  the  a r r i v a l  of any 
two spacecraf t  data  points.  
In s t an taneous  p red ic t s ,  which a r e  pass  
p red ic t s  corrected i n  r ea l - t ime  f o r  
spacecraf t  pointing loss and DSS system 
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noise  temperature ,  a r e  a l s o  automatical ly  
calculated a t  15 second intervals .  
Spacecraft  and DSS residuals ,  difference 
measu remen t s  between the  ac tua l  va lues  
and predicted values ,  a r e  automatical ly  
der ived in real- t ime.  
SHARP also acquires  the Integrated 
Sequence Of Events  f o r  on - l ine  s torage 
and viewing.  A generic  capabi l i ty  to 
ex t r ac t  subsystem spec i f i c  information 
has  been deve loped ,  hence 
Telecom-specif ic  events  may be s t r ipped 
from the ISOE and displayed to enable 
rapid iden t i f i ca t ion  of s ign i f i can t  
Telecom ac t iv i t i e s  to be  monitored during 
any par t icular  pass.  Edi t ing capabi l i t ies  
faci l i ta te  on-l ine addi t ions,  delet ions,  and 
o the r  changes to  the ISOE, t h u s  reducing 
the l i ke l ihood  of r e fe renc ing  outdated 
ma te r i a l .  
New plot t ing capabi l i t ies  for the 
channe l i zed  d a t a  have a l s o  been 
implemented within the SHARP system. 
The ope ra to r  can cons t ruc t  a s  many da ta  
plots  per page,  or screen,  as  desired,  
a l though f ive  plots  per  page seems to be 
the  op t ima l  number f o r  e f f e c t i v e  
viewing. The user a l so  possesses the 
capab i l i t y  to cons t ruc t  mult iple  pages 
which can be s e t  a s  a program 
p a r a m e t e r .  T h e  user  can  c h a n g e  the 
display of  p lo t s  on any given page a t  any 
t ime  with s i m p l e  menu-d r iven  
commands. 
Alarm tables  have a l s o  been 
cons t ruc t ed  a s  p a r t  of the conven t iona l  
au tomat ion  p rocess ,  and placed on - l ine  
within the SHARP system. A table for 
each  r e l e v a n t  s p a c e c r a f t  c o n f i g u r a t i o n  
ex i s t s ,  r e su l t i ng  in alarm l imits  
r e p r e s e n t a t i v e  of t he  t rue  th re sho lds  fo r  
each da ta  channel .  SHARP determines 
alarm l i m i t s  dynamica l ly  in r ea l - t ime  
and accu ra t e ly  r e f l e c t s  each  spacec ra f t  
or  DSS configurat ion change.  Dynamic 
alarm l i m i t  de t e rmina t ion  e l imina te s  the 
c u m b e r s o m e  a l a rm c h a n g e  p a p e r w o r k  
p rocess  a s  well  a s  many occur rences  o f  
f a l se  alarms. 
Several  graphical  displays in SHARP 
au tomat i ca l ly  h igh l igh t  a l a r m e d  e v e n t s  
a s  they occur.  These displays offer  
i n f o r m a t i o n  r a n g i n g  from the l o c a t i o n  
of a problem to the probable  cause  of the 
alarm. 
Enhanced Graphical  CaDabili t ies 
The SHARP system provides 
numerous  s o p h i s t i c a t e d  g r a p h i c a l  
displays for spacec ra f t  and s ta t ion 
mon i to r ing .  A c o m p r e h e n s i v e  use r  
interface has ' been  developed to f ac i l i t a t e  
rapid,  easy access  to a l l  per t inent  data  
and analysis .  Displays have been 
c o n s t r u c t e d  which r a n g e  from p l a c i n g  
data  on-l ine to the creat ion of detai led 
g raph ic s  which p rov ide  a mul t i t ude  o f  
i n fo rma t ion  a t  o n e  g l ance .  An in t e r f ace  
exis ts  for  each major module o f  the 
SHARP system. Each interface provides 
customized funct ions which al low da ta  
specific to that module to be easily 
accessed, viewed, and manipulated.  Each 
SHARP module can be  accessed from any 
other  module a t  any t ime,  and a l l  displays 
a r e  in co lo r  with mouse sens i t i v i ty  and 
menu-d r iven  commands.  F i g u r e  2 shows 
the SHARP top-level system status  view. 
The Predicts  interface in SHARP 
al lows tabular display of raw predicts ,  
pass  p red ic t s ,  instantaneous p red ic t s ,  and 
residuals  for  any specif ied t ime range.  A 
color-coded DSS avai labi l i ty  graph has 
a l s o  been des igned  which enab le s  rapid 
ident i f icat ion of ava i l ab le  s ta t ions for 
any given viewing pe r iod .  S i tua t ions  
which mandate  tha t  a n o t h e r  Deep Space  
S ta t ion  be  acqu i r ed  can  hence  be 
addressed immediately as  opposed to the 
m o r e  a r d u o u s  c u r r e n t  me thod  which  
r equ i r e s  the manual  l ook  up of each 
station a t  the specif ied t ime period. 
The SHARP system provides an 
In t eg ra t ed  Sequence  of Even t s  i n t e r f ace  
which o f f e r s  numerous capab i l i t i e s  to 
the operator .  O n - l i n e  viewing of any 
ISOE is  available,  and intricate 
mod i f i ca t ions  may be  pe r fo rmed  with 
ease. Editing the ISOE is accomplished via 
m e n u - d r i v e n  c o m m a n d s  wh ich  c o n t a i n  
explanations of the complex ISOE data. 
For example,  CC3A32330 means that the 
190 
191 
x-band modulation index i s  32, the two 
d r i v e r s  a r e  on ,  t he  s u b c a r r i e r  f r equency  
i s  high,  and the data  l i ne  r a t e  i s  high. 
T rans l a t ion  of these spacecraf t  
commands  from their  raw form in to  
more unde r s t andab le  summar ie s  of 
spacec ra f t  ac t iv i ty  may b e  pe r fo rmed ,  
and the user can r eques t  s t a tus  
summaries  of any act ivi ty .  A history 
display is maintained as  the ISOE is 
updated so tha t  the user can ver i fy  
modifications.  
SHARP'S display which plots  the 
channel ized da ta ,  i l lustrated in Figure 3, 
i s  a s i g n i f i c a n t  improvemen t  ove r  
exis t ing capabi l i t ies .  The user 
dynamical ly  customizes  the display a t  
any t ime  by s e l e c t i n g  wh ich  and how 
many channe l s  t o  view,  the t ime sca l e ,  
the da t a  r ange  for  each p lo t ,  and even 
the icon t o  use  fo r  g raph ing  po in t s  on 
each channel .  Each plot  is  color-coded 
b y  the user f o r  ea sy  visual  dis t inct ion 
between d i sp layed  c h a n n e l s .  When any 
channe l  i s  in  a l a r m ,  i t s  co r re spond ing  
data points  a r e  plot ted in red,  faci l i ta t ing 
rapid detect ion of an alarm condi t ion.  
The channel ' s  a s soc ia t ed  alarm l imits  
may be  opt ional ly  overlaid onto the 
c h a n n e l ' s  p l o t  f o r  f u r t h e r  i n fo rma t ion .  
Each data  point is  mouse sensit ive to 
p rov ide  t ime and numerical  value 
ind ica to r s ,  and an au tomat i c  counter  
con t inua l ly  i n d i c a t e s  the number of da t a  
points  per p lo t .  Pan and zoom features  
augmen t  th i s  d i s p l a y ,  which can 
r e p r e s e n t  i n f o r m a t i o n  a s  g raphs  of 
actual or  derived data vs. time, x y  plots,  
scat ter  plots ,  or logarithmic scales.  
The SHARP system also provides an 
alarm l imi t  i n t e r f a c e  which a l lows  
o n - l i n e  v i ewing  and  ed i t i ng  of 
e s t a b l i s h e d  s p a c e c r a f t  e n g i n e e r i n g  
alarm l imi t s ,  DSS performance l imits ,  
ground data  system l imi t s ,  and residual 
thresholds .  Authorized users  may 
permanent ly  a l t e r  any of these l imi t s ,  
and spec i f i ed  values  may be changed 
t empora r i ly  fo r  t he  r ema inde r  of t ha t  
par t icular  spacec ra f t  pass .  The l a t e r  
capab i l i t y ,  manual  ove r r ide ,  enab le s  
a larm suppres s ion  or  c lose r  s c ru t iny  fo r  
a n y  p a r t i c u l a r  e v e n t  w i th  no 
i n t e r v e n i n g  p a p e r w o r k .  
Among the  new g r a p h i c a l  a n a l y s i s  
capabi l i t ies  provided by the SHARP 
system is  the Telecom link s ta tus  display, 
as  shown in Figure 4 .  Actual station 
coverage i s  i l lustrated,  a long with 
spacec ra f t  t ransmit ter  power s t a tus ,  data  
ra te ,  data outages,  and real- t ime 
r eco rd ing  of s ta t ion upl ink ( s igna l  
t r ansmiss ion )  and projected downl ink  a 
round t r ip  l ight  t ime la ter .  Detailed 
ana lys i s  is  performed and information is  
subsequen t ly  color-coded to  r ep resen t  
changes in s ta tus .  The display provides 
the use r  with such  v a l u a b l e  in fo rma t ion  
a s  t ime ranges and explanat ions of da t a  
outages ( i .e .  no station coverage or 
o n g o i n g  s p a c e c r a f t  m a n e u v e r ) ,  and  can 
warn the ope ra to r  when to  expec t  noisy 
data and w h y .  
The SHARP system also features  
o n - l i n e  f u n c t i o n a l  b l o c k  diagram 
schemat i c s  of t he  end- to -end  
c o m m u n i c a t i o n s  path from the  
s p a c e c r a f t  through the Deep Space  
Communicat ions Complex and Ground 
Communications Faci l i ty  to the Mission 
Control Center a t  JPL and final 
destination of the Test and Telemetry 
System computers.  Each top level system 
status may be  viewed a t  successive levels 
of detail .  The Telecom subsystem is very 
comprehens ive ,  a s  s p a c e c r a f t  s chemat i c s  
have been developed f o r  the al l  of i ts  
individual  components .  These  dynamic 
block d i ag rams  a r e  d r iven  by var ious 
ISOE status indicators and the 
channelized data.  The s ta tus  of 
spacecraf t  and DSS components  
(ope ra t iona l ,  o f f - l i ne ,  or  in a l a rm)  is  
depicted by color ,  faci l i ta t ing rapid s ta tus  
identification at  a glance.  Figure 5 shows 
the Te lecommunica t ions  subsystem and 
Figure 6 i l l u s t r a t e s  the spacecraf t  
receiver  with associated diagnost ic  
messages.  
Ano the r  g r a p h i c a l  d i s p l a y  which 
combines  var ious sou rces  of i n fo rma t ion  
and data is  SHARP'S Attitude and 
Articulation Control display.  This display 
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c o m b i n e s  s p a c e c r a f t  motion pa rame te r s  
(p i t ch ,  yaw, and rol l )  and projects  
spacecraf t  movement over  t ime. A l imit  
c y c l e  box which r ep resen t s  def ined 
spacec ra f t  deadband l imi t s  encloses  the 
spacec ra f t  icon.  Alarm condi t ions a re  
easi ly  detected a s  the spacecraf t  icon 
d r i f t s  outs ide of the designated deadband 
box. Trai l ing vectors  es tabl ish the path 
of the spacecraf t .  
The SHARP system also contains 
spec ia l  p rocess ing  modules  to perform 
subsystem specif ic  analysis .  For the 
Telecommunicat ions subsystem, a Fast  
Transform (FFT) of the DSS conical 
s c a n n i n g  c o m p o n e n t  i s  pe r fo rmed  to 
i n d i c a t e  when the  a n t e n n a  i s  go ing  off 
point .  This  is  a re la t ively common event ,  
which c u r r e n t l y  may t ake  hour s  to de t ec t  
and  co r rec t .  Spacec ra f t  and scient i f ic  
i n f o r m a t i o n  can  b e  pe rmanen t ly  lo s t  
when this si tuation occurs.  SHARP's FFT 
display i l lustrates  the results of a Fast  
F o u r i e r  T rans fo rm p r o c e s s  pe r fo rmed  on 
64 data  points  of a par t icular  channel ,  
and  p r o v i d e s  i n s t a n t  i n fo rma t ion  on 
con ica l  scan e r r o r .  The  problem can be 
detected in a mat ter  of minutes ,  and the 
s ta t ion can be con tac t ed  to  correct  the 
an tenna  movemen t  p r io r  t o  the  lo s s  of 
data. 
Ar t i f i c i a l  In t e l l i gence  
The  a r t i f i c i a l  i n t e l l i gence  modules of 
SHARP a r e  wri t ten i n  an expert  system 
building language called STAR*TOOL. 
STAR*TOOL is  a programming language 
designed a t  JPL to meet many of NASA's 
demand ing  and r igo rous  AI goa l s  fo r  
cu r ren t  and f u t u r e  projects .  Appendix A 
contains  a more detai led descr ipt ion of 
the STAR*TOOL system. 
A r t i f i c i a l  i n t e l l i g e n c e  t echn iques  a r e  
d i s t r ibu ted  th roughou t  a l l  componen t s  of  
the SHARP system. Intel l igent  
p rogramming  me thodo log ie s  such  a s  
h e u r i s t i c  a d a p t i v e  p a r s i n g ,  t ruth 
ma in tenance ,  and  expe r t  system 
t echno logy  e n a b l e  more e f f e c t i v e  
au tomat ion  and  thorough ana lys i s  f o r  
SHARP functions.  Fault  detection 
becomes almost  immedia t e  with a greater  
deg ree  of accu racy  and  p rec i s ion ,  and 
the  system qu ick ly  gene ra t e s  f a u l t  
hypotheses .  
A blackboard a rch i t ec tu re ,  provided 
by STAR*TOOL, serves as  a uniform 
f r a m e w o r k  f o r  c o m m u n i c a t i o n  wi th in  
the  he t e rogeneous  mul t i -p rocess  
env i ronmen t  in which SHARP ope ra t e s .  
Gene ra l ly ,  when two or  more processes  
a r e  coope ra t ing ,  they m u s t  i n t e rac t  in a 
more compl i ca t ed  manner  than s imply  
se t t i ng  g loba l  va r i ab le s  and passing 
information along such paths .  SHARP 
provides a s tandardized method of 
communica t ion  be tween  mul t ip l e  
p rocesses ,  which inc lude  r ea l - t ime  
post ing of incoming te lemetry da t a  and 
the  monitor ing of da t a  ne tworks .  
Heuris t ic  adap t ive  pars ing is  
implemented for  SHARP's raw predicts  
database.  Per iodical ly  the format of this 
data  sou rce  changes  wi thou t  mission 
operat ions being not i f ied.  General ly  th i s  
would r equ i r e  the raw p red ic t s  pa r se r  to 
be  r ewr i t t en  to  i n c o r p o r a t e  the  new 
format. However, SHARP utilizes 
Augmented Transit ion Network [2]  (ATN) 
t echn iques  to accompl i sh  adap t ive  
parsing. The advantage of such an ATN 
l ies  in i ts  abil i ty to parse  the database 
acco rd ing  to seman t i c  c o n t e n t  r a t h e r  
than syn tac t i c  s t ruc tu re .  The raw 
p red ic t s  da t abase  can the re fo re  be 
modified and yet  remain successful ly  
parsable .  Th i s  heuris t ical ly  control led 
f o r m a t  i n s e n s i t i v e  p a r s i n g  e n s u r e s  
cont inui ty  desp i t e  fo rma t  modif icat ions 
in p red ic t  gene ra t ion .  
The central ized database of the 
SHARP system serves  as  a central  
reposi tory of a l l  r ea l - t ime  and 
non- rea l - t ime  da ta ,  and func t ions  a s  a 
local  buffer  t o  enable  rapid data access  
f o r  r ea l - t ime  p rocess ing .  Numerous 
d a t a b a s e  man ipu la t ion  f u n c t i o n s  have 
been implemen ted ,  and da tabase  daemons 
have  been cons t ruc t ed  to  imp lemen t  
spontaneous computat ions.  Requests  can 
be made to the database to tr igger 
a rb i t r a ry  a c t i v i t i e s  when a complex 
combinat ion of pas t ,  p re sen t ,  and fu tu re  
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events occur. A wide selection of 
r e t r i eva l  methods by t ime or  value 
h i g h l i g h t  t he  f l e x i b i l i t y  i n h e r e n t  in the 
database.  Requests  to the database can be  
made from both AI and non-AI modules  
of SHARP, and can be  handled serially or 
in pa ra l l e l .  
Various SHARP modules represent  
and man ipu la t e  d a t a  symbol i ca l ly  r a the r  
t han  numer i ca l ly  so tha t  p a r t i c u l a r  
numer i c  va lues  can  c h a n g e  w i t h o u t  
fo rc ing  the a lgo r i thms  themselves  t o  b e  
modified. For example,  to determine if a 
c h a n n e l  i s  in  a l a r m ,  the r u l e  i n t e r p r e t e r  
manipulates  o n e  symbolic  f ac t ,  
C h a n n e l I n A l a r m ,  r a t h e r  t han  the  many  
numer i c  o p e r a t i o n s  tha t  a r e  r equ i r ed  to 
make an actual  determinat ion.  Th i s  is  a 
s ign i f i can t  advan tage  a s  SHARP 
p resen t ly  a n a l y z e s  ove r  100 channe l s ,  
and  the  a l a rm de te rmina t ion  p rocess  
v a r i e s  f rom channe l  t o  channe l .  
Symbol i c  r ep resen ta t ion  and  
manipulat ion of data  a l so  s implif ies  the 
exchange  of i n fo rma t ion  between SHARP 
modules  and r educes  r e l i ance  on spec i f i c  
d imens ion le s s  numer i c  va lues .  
The diagnost ic  component of SHARP 
i s  composed of a hierarchical  execut ive 
d i agnos t i c i an  coup led  with coope ra t ing  
and  non-coopera t ing  min i - expe r t s .  Each 
min i - expe r t  i s  r e spons ib l e  for  the loca l  
diagnosis of a specific fault  or class of 
f a u l t s ,  such  a s  p a r t i c u l a r  channe l s  in 
a l a rm,  conical  scan e r ro r s ,  or loss  of 
t e l eme t ry .  A non-coopera t ing  expe r t  
focuses  on ly  on i t s  designated faul t  area,  
bu t  a coope ra t ing  expe r t  has  the 
add i t iona l  capab i l i t y  of s ea rch ing  
beyond i ts  local  a r ea  to identify related 
faul ts  that  a r e  l ikely to  occur .  
Cooperat ing expe r t s  a r e  used in 
s i t ua t ions  where the ident i f icat ion of a 
pa r t i cu la r  f a u l t  c a n n o t  be  made by 
examining a s ing le  f au l t  c lass  a lone.  
The execu t ive  d i agnos t i c i an  combines 
inpu t  p ropaga ted  from each loca l  
d i agnos t i c i an  and r ev iews  the ove ra l l  
s i tuat ion to  propose one  or  more faul t  
h y p o t h e s e s  and  r ecommended  c o r r e c t i v e  
ac t ions .  When mult iple  f au l t  hypotheses  
a r e  generated,  the system l i s t s  a l l  
poss ib l e  causes  of the anomaly  and ranks 
each according to  plausibi l i ty .  
If one  o r  more of the coope ra t ing  
experts  f a i l s ,  the execu t ive  diagnost ic ian 
wil l  con t inue  to  ope ra t e  with only a 
reduct ion in the area of l oca l  diagnosis  
t ha t  would have been de r ived  from the 
fai led mini-experts.  Similar ly ,  if the 
execut ive diagnost ic ian f a i l s ,  the  
cooperat ing expe r t s  wil l  local ly  diagnose 
the f au l t s  in isolat ion of mult iple  faul t  
cons ide ra t ion .  
The d i agnos t i c i an  is  implemented in  
ru l e s  that  execu te  in pseudo-pa ra l l e l  in 
pu r su i t  of mu l t ip l e  hypotheses .  
Pseudo-paral le l ism i s  imp lemen ted  in  
SHARP using faci l i t ies  provided by 
STAR*TOOL, which includes parallelism 
a s  a fundamental  con t ro l  s t ruc tu re .  The 
diagnost ic  ru l e s  operate  in isolat ion of 
o n e  a n o t h e r  b y  e x e c u t i n g  i n  
i ndependen t  con tex t s  p rov ided  by the 
STAR*TOOL memory model, and 
c o m m u n i c a t e  t h r o u g h  t h e  B lackboard  
faci l i ty  . 
These  contexts  can be organized into 
a t r e e - l i k e  s t r u c t u r e  t o  r ep resen t  
c o n t r a d i c t o r y  i n f o r m a t i o n  r e s u l t i n g  
from c h a n g e s  in f a c t s  o r  f rom the 
in t roduc t ion  of new o r  con t r ad ic to ry  
hypotheses .  Fac i l i t i e s  in the t ruth 
ma in tenance  s y s t e m  h a n d l e  da t a  and 
demand d r iven  d i a g n o s e s  to e n s u r e  an 
a p p r o p r i a t e  b a l a n c e  b e t w e e n  t h e  
pe r s i s t ence  of hypo theses  and  sens i t i v i ty  
to new data.  
Bayes i an  i n f e r e n c e  p r o c e s s e s  a r e  
used for. compar ing  m u l t i p l e  hypo theses  
and  f o r  p r io r i t i z ing  c o n f l i c t i n g  f au l t  
hypo theses .  Bayes i an  in fe rence  
p r o c e d u r e s  a l s o  p e r f o r m  u n c e r t a i n t y  
managemen t  to a l l o w  c o n t i n u e d  high 
pe r fo rmance  in  the  p r e s e n c e  of n o i s y ,  
faul ted,  or  missing data .  
The  t ru th  m a i n t e n a n c e  sys t em 
cons tan t ly  monitors  f o r  v io l a t ions  of 
logical consistency. For  example,  i t  
pe r fo rms  c o n f l i c t  c h e c k i n g  to maintain 
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c o n s i s t e n c y  among  m u l t i p l e  r u l e  f i r i n g s ,  
hypo theses ,  and the knowledge base ,  and 
a l l o w s  t h e  con tex t  s e n s i t i v e  management  
of a l a r m s  th rough  a complex  r e sponse  
system to  combina t ions  of alarm 
cond i t ions .  T ru th  ma in tenance  
techniques a l so  p rov ide  a var ie ty  of 
f u n c t i o n s  f o r  t e m p o r a l  r eason ing  in 
mult iple  f au l t  diagnosis .  
CONCLUSIONS 
Spacec ra f t  and g round  data  systems 
o p e r a t i o n s  p r e s e n t  a r igo rous  
e n v i r o n m e n t  i n  t h e  a r e a  of  m o n i t o r i n g  
and anomaly detect ion and diagnosis .  
With a number  of p l ane ta ry  missions 
schedu led  f o r  t he  nea r  f u t u r e ,  the e f fo r t  
t o  staff  and support  these operat ions will  
p re sen t  s i g n i f i c a n t  cha l l enges .  
The SHARP system is  an attempt to 
addres s  the cha l l enges  of a mult i -mission 
m o n i t o r i n g  a n d  t r o u b l e s  hoo t ing  
e n v i r o n m e n t  by a u g m e n t i n g  
c o n v e n t i o n a l  au tomat ion  t echno log ie s  
with s t a t e - o f - t h e - a r t  a r t i f i c i a l  
intel l igence.  Resul ts  of this effor t  to date  
h a v e  a l r e a d y  shown  s i g n i f i c a n t  
i m p r o v e m e n t s  o v e r  c u r r e n t  Voyage r  
me thodo log ie s  and have provided 
enhancemen t s  t o  seve ra l  a spec t s  of 
Voyager operat ions.  
T h i s  type of automation technology 
w i l l  endow mission ope ra t ions  with 
cons ide rab le  bene f i t s .  In a s  many a reas  
as  a r e  automated,  expe r t  knowledge wil l  
b e  c a p t u r e d  a n d  pe rmanen t ly  r e c o r d e d ,  
r educ ing  the  f r enz ied  s t a t e  t ha t  occu r s  
when d o m a i n  s p e c i a l i s t s  a n n o u n c e  the i r  
impending r e t i r emen t .  Cos t  r educ t ions  
wil l  occur  as  a resul t  of automation and 
d e c r e a s e d  r e q u i r e m e n t  f o r  2 4 - h o u r  
r ea l - t ime  ope ra to r  coverage.  Automatic  
faul t  detect ion and analysis  will  faci l i ta te  
qu icke r  r e sponse  t imes to  mission 
a n o m a l i e s  and more a c c u r a t e  
conclusions.  The t ime savings a f fo rded  
by SHARP-like capabi l i t ies ,  especially 
d u r i n g  p e r i o d s  of  unmanned o p e r a t i o n  
o r  d u r i n g  e m e r g e n c i e s ,  cou ld  mean the 
d i f f e r e n c e  be tween  the  lo s s  or  r e t en t ion  
of cr i t ical  data ,  o r  possibly even the 
spacecraf t  i tself .  
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Techno logy ,  under  a c o n t r a c t  with the 
Nat ional  Aeronaut ics  and Space 
Adminis t ra t ion.  
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APPENDIX A: STAR*TOOL 
Knowledge-based sys t ems  for  
au tomated  task p l a n n i n g ,  mon i to r ing ,  
d i agnos i s ,  and o the r  app l i ca t ions  r equ i r e  
a variety of sof tware modules based on 
a r t i f i c i a l  i n t e l l i gence  concep t s  and 
advanced  p rogramming  t echn iques .  The  
des ign  and implemen ta t ion  of such 
modules  r equ i r e s  cons ide rab le  
p rogramming  t a l e n t  and  t i m e ,  and a 
background  in t h e o r e t i c a l  a r t i f i c i a l  
intel l igence.  Sophis t icated sof tware 
development  tools  that  can speed the 
r e sea rch  and d e v e l o p m e n t  of new 
a r t i f i c i a l  i n t e l l i gence  app l i ca t ions  a r e  
the re fo re  highly d e s i r a b l e .  The 
STAR*TOOL system, designed and built by 
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Mark James,  was developed specifically 
for  this  purpose.  Included in the system 
a r e  f ac i l i t i e s  f o r  deve lop ing  reasoning 
p rocesses ,  memory-data  s t ruc tu res  and 
knowledge bases ,  blackboard systems,  
and spontaneous computat ion daemons.  
Computa t iona l  e f f i c i ency  and high 
pe r fo rmance  a r e  e spec ia l ly  c r i t i c a l  in  
a r t i f i c i a l  intel l igence sof tware.  This  
c o n s i d e r a t i o n  has  been an impor t an t  
objective of STAR*TOOL, and has led to its 
design as  a toolbox of AI facil i t ies that 
may be used independen t ly  or  
co l l ec t ive ly  in the development  of 
knowledge-based systems.  
STAR*TOOL provides a variety of 
f ac i l i t i e s  fo r  the development  of sof tware 
modu les  in knowledge -based  r eason ing  
engines. The STAR*TOOL system may be 
used to  deve lop  ar t i f ic ia l  intel l igence 
applications as  well as  specialized tools 
f o r  r e sea rch  e f f o r t s .  
STAR*TOOL facilities are invoked 
d i r e c t l y  by t h e  p rogrammer  in  the 
Common LISP  language. For improved 
e f f i c i ency ,  an op t iona l  opt imizat ion 
compiler  was deve loped  to  generate  
highly optimized CommonLISP code. 
STAR*TOOL was designed to be 
e f f i c i e n t  enough to ope ra t e  in a 
r ea l - t ime  env i ronmen t  and to be ut i l ized 
by non-LISP  app l i ca t ions  wri t ten in 
c o n v e n t i o n a l  p r o g r a m m i n g  l a n g u a g e s  
such as ADA, C ,  Fortran, and Pascal. 
T h e s e  non-LISP  app l i ca t ions  can run in a 
d i s t r i b u t e d  c o m p u t i n g  e n v i r o n m e n t  on 
r emote  compute r s ,  or  on a computer  that  
s u p p o r t s  m u l t i p l e  p rogramming  
l a n g u a g e s .  
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